We demonstrate and characterize an optical control of the plasmonic heat delivered by a monolayer substrate of gold nanoparticles, obtained by modulating the effective refractive index of the neighboring dielectric medium. The effect, which exploits the dependence of the nematic liquid crystal (NLC) refractive index on the molecular director orientation, is realized by using a polarization dependent, light-induced molecular reorientation of a thin film of photo-alignment layer that the NLC is in contact with. For a suitable alignment, plasmonic pumping intensity values ranging from 0.25 W/cm 2 to 6.30 W/cm 2 can induce up to 17.4 C temperature variations in time intervals of the order of seconds. The reversibility of the optically induced NLC molecular director orientation enables an active control of the plasmonic photo-induced heat. Published by AIP Publishing. [http://dx.
Thermo-plasmonics is one of the most emerging research fields of the last years. [1] [2] [3] [4] It is based on the use of nanoparticles (NPs) to generate heat at the nanoscale by exploiting the Localized Surface Plasmon Resonance (LSPR), a phenomenon that takes place when a light beam with a specific wavelength impinges on a metallic NP. The interaction of the electromagnetic wave with the conduction electrons of the metal leads to a coherent collective oscillation of its negative charges [5] [6] [7] this effect enables to strongly confine and enhance the electric field created at the surface of the metallic NP, on a scale much shorter than the wavelength of the impinging light. 8, 9 While at a macroscopic level, such a resonant excitation results in both strong scattering 37 and absorption of light, 10 which induces an unavoidable damping of the LSPR at the nanoscale, the absorbed light power generates a nonequilibrium electron distribution that decays via electronelectron collisions. 4 The hot electron gas relaxes with lattice phonons that, in their turn, transfers energy to the surrounding medium, thus giving rise to heat generation by a Joule mechanism. 10, 11 An active control 12 of the LSPR of NPs represents, therefore, a crucial step toward the realization of nano-thermal devices. Since the frequency of the plasmonic resonance, and the resulting photo-induced heat, strongly depend on the NP size, shape, roughness, and dielectric function of the surrounding medium, 13, 14 many related studies and investigations have been started, which include also the exploitation of optical, 15, 38 magnetic, 16 and mechanical techniques. 17 In this letter, we utilize a particular class of soft materials, like Liquid Crystals (LCs), [18] [19] [20] to control the LSPR of NPs by exploiting a distinctive feature of LCs: the possibility of modifying their physical and optical properties by means of external stimuli. [21] [22] [23] [24] [25] [26] 39 In particular, we control and characterize the heat delivered by randomly distributed Gold NPs (GNPs) layered with Nematic Liquid Crystal (NLC) as an active medium. We reorient the NLC molecular director by exploiting a photo-aligning material; this reorientation induces a change in both the refractive index and the thermal conductivity 18 of the NLC surrounding the NPs, thus enabling an optical-control of their LSPR and of the resulting heating. In comparison to previous studies 27, 28, 40 related to the possibility of tuning the cell light response by applying a voltage, our technique, along with the disadvantage of requesting a second, suitable, light source, exhibits the unquestionable vantage of avoiding the necessity of suitably designed electric contacts, wires, and suitable voltages.
GNPs have been synthesized by exploiting the Turkevich method. 29 The substrate is a glass slide whose surface has been properly treated with a Piranha etch (a 3:1 mixture of concentrated sulphuric acid and hydrogen peroxide) for 45 min that induces a negatively charged surface. The substrate was next rinsed with copious amounts of water and dried under a stream of compressed air. Its surfaces were functionalized by dipping in a 5% (v/v) solution of N-[3-(trimethoxysilyl) propyl] ethylenediamine in ethanol for 30 min in order to obtain a positively charged surface; then, the substrate was rinsed with water, dried, and put in an oven at 110 C for a further 40 min. The process of GNP deposition has been realized by dipping the substrate in a solution of colloidal GNPs for 50 min. By analyzing with Image-J software 30 the Scanning Electron Microscopy (SEM) image ( Fig. 1(a) ) of the obtained sample, we have estimated the average size, density, and polidispersivity of the GNPs attached to the substrate; by fitting data with a Gaussian curve, we have obtained that the average diameter of the GNPs is (20 6 2) nm, with a poli-dispersivity of about 6%. Atomic Force Microscopy (AFM), carried out in the noncontact mode with a tip of 9 nm ( Fig. 1(b this result, the sample presenting GNPs uniformly distributed on both sides of the substrate. A spectral analysis showed the typical absorption peak of spherical GNPs in the green region of the spectrum (k ¼ 515 nm); spectra acquired after removing the GNPs from one side of the glass substrate (by means of an adhesive tape) showed a noticeable decrease (about 49%) of absorption. Then, by means of a spin coater (1000 rpm for 30 s), the GNPs layer has been covered with a thin photoalignment layer (PAL), made of randomly aligned molecules of an azo-dye (PAAD-22 by BeamCo), 31, 32 dissolved in dimethylformamide, which possesses a broad absorption band centered at 367 nm. The elongated molecules of PAAD-22 exhibit the feature that, when acted on by a polarized UV lamp light (k ¼ 365 nm; P ¼ 30 mW/cm 2 ) for a suitable time interval (typically 10 min), they reorient perpendicularly to the light polarization; by simply varying the polarization direction of the impinging UV light, it will be therefore possible to reorient the PAL molecules, along with the director of a NLC that the PAL is, possibly, put in contact with ( Fig. 2(a) ). We have deposited on the GNPs a (20 6 5) nm film of PAAD-22 (estimated by means of SEM observation and AFM measurements, Figs. 1(c) and 1(d)), after verifying that this thickness maximizes the need for realizing an optically induced director orientation effect in an overlying NLC film, still allowing the GNPs to see also the dielectric permittivity of the NLC beyond the PAL (Fig. 2(c) ).
As we can observe in Fig. 1(c) the presence of the PAL layer plays a role on the contrast of SEM image that results to be mostly lost due to a decreased secondary electron emission caused by the planarization of the surface. Finally, the sample cell was fabricated by gluing together a functionalized glass slide (polymide covered and treated with a rubbing process to induce the planar alignment of the NLC that will be put on it) 41 and the PAL-coated GNPs substrate, spaced by 2.5 lm glass microspheres; the NLC (E7 by Merck) has been then introduced by means of capillary flow. The spectral analysis ( Fig. 1(e )) of the cell shows an absorption increase of about 241% and a red shift of the plasmonic resonance of about 12 nm with respect to pure GNPs substrate. In agreement with the Mie theory (see Fig. 1(f) ), which provides an analytical solution for Maxwell's equations for the scattering/absorption of an electro-magnetic radiation induced by small and isolated NPs10, this effect is due to the change in the refractive index n of the medium surrounding the GNPs: from the air value (n a ¼ 1) to the PAAD-22 þ NLC value(n mix % 1.6).
The setup of the photo-thermal experiment is displayed in Fig. 2(b) . A CW green laser (k ¼ 532 nm), characterized by a beam diameter of (2.25 6 0.22) mm, impinges perpendicularly onto the cell and excites simultaneously the LSPR of a huge number of GNPs, with a consequent increase of the macroscopic temperature (DT) of the sample. In fact, at a given distance r from a single GNP, DT depends on the effective value of the refractive index of the medium surrounding the GNP, according to the relation 33
(1) where k the wavelength and I 0 the intensity of the impinging light; V NP is the GNP volume, I[v NP ] the imaginary part of dielectric permeability, which describes the energy dissipation of the GNP or dielectric losses, E NP and E H are the dielectric permittivity of the spherical GNP and of the host medium, respectively, while k H is the thermal conductivity of the host medium. It is worth pointing out that, in our case, being the hosting medium a NLC, both E H and k H depend on the orientation of its director.
To estimate the stationary temperature variations, a thermographic analysis is performed by means of a thermocamera (E40 by FLIR, Fig. 2(b) ), which is characterized by a sensitivity of 0.07 C and a spatial resolution of 2.72 mrad. The scale of the thermo-camera is properly set to appreciate the temperature variations in the range of values (19-36) C. The polarized blue light of a UV lamp induces a degree of surface ordering in the PAL layer that is further transferred to the near NLC molecules, which become oriented. In particular, we exploit a P-polarized blue light to obtain a uniform planar alignment of the NLC director in the whole cell ( Fig. 2(d) ), and a S-polarized blue light to induce a twisted planar alignment in the bulk of the NLC cell ( Fig. 2(c) ). The thermal analysis, performed at a small angle with respect to the green pump beam, presents hot-spots, showing photoinduced heat generated by the GNPs and related to the intensities of the pump green light (in the range 0.25 < I < 6.30 W/cm 2 ).
Images reported in Fig. 3 represent the steady-state thermographic pictures acquired for the minimum (I ¼ 0.25 W/cm 2 ) and maximum (I ¼ 6.30 W/cm 2 ) intensity values of the pump green laser beam, responsible for the minimum and maximum temperature variations, respectively, both with a uniform planar alignment of the GNPs þ NLC sample cell (PAL and NLC director aligned by P-polarized blue light, Figs. 3(a) and 3(b) ) and with twisted alignment of the GNPs þ NLC sample cell (PAL and NLC director aligned by S-polarized blue light, Figs.  3(c) and 3(d) ). The steady-state condition is reached after about 10 min of exposition of the sample cell to the green pump beam, when no further temperature variations are detected in the limit of the thermo-camera sensitivity. By monitoring the warmest point of each thermal image, it is possible to plot its steady state temperature variation versus the impinging pump intensity ( Fig. 4(a) ): we have detected a T p of (10.3 6 0.5) C in the case of uniform planar alignment of the cell and a T t of (17.4 6 0.5) C in the twisted case; both values are quite higher than the variation T s of (7.9 6 0.5) C induced in the simple substrate of GNPs, and it is worth pointing out that no temperature variations can be appreciated even when the highest intensity laser beam acts on the simple glass slides used for the cell fabrication.
Differences in the observed temperature variations are in agreement with the modifications of absorption spectra of the GNPs-NLC sample cell ( Fig. 4(b) ); differently from the ones shown in Fig. 1(e) , spectra of Fig. 4(b) have been now recorded after irradiating the sample cell with aligning blue light in two cases: P polarized light to obtain a uniform planar cell (blue spectral line) and S polarized light to obtain a twisted cell (green spectral line). In fact, in addition to a red shift of the LSPR of about 13 nm, almost unchanged in comparison with Fig. 1(b) , spectra of Fig. 4(b) show an increase of the absorbed intensity of about 207% in the uniform planar cell configuration and 221% in the twisted-planar cell configuration; this difference supports the differences in the induced temperature variations of the two different cell configurations. Interestingly, all intermediate temperature variations highlighted in Fig. 4(a) by the gray region can be obtained by continuously varying the polarization of the aligning blue light (from S to P). As a matter of fact, this is a clear demonstration that, by exploiting a PAL to reorient the molecular director and modify the refractive index and thermal conductivity of the surrounding NLC, it is possible to control the heat generated by the substrate of GNPs. An indirect, but quite accurate measurement of the characteristic response times of the effect has been made by monitoring the heat induced variations in the birefringence of the sample cell, a distinctive optical characteristic of the NLC which depends on the temperature in the observed range [34] [35] [36] ( Fig. 5(b) ).
The dynamic transmission experiment (setup in Fig.  5(c) ), which represents also a validation of the reversibility and repeatability of the observed effect, has been performed by placing the sample cell between the crossed polarizers with its optical axis (represented by the NLC director orientation) set at 45 C with respect to the axes of both polarizer and analyzer, indicated with P and A, respectively; under these conditions, the cell acts as a waveplate, whose transmitted intensity depends on the cell birefringence and can be detected by means of a photo-detector (PD). In this pumpprobe experiment, in addition to the pump green CW laser emitting at k ¼ 532 nm to excite the LSPR of GNPs, we have utilized also a low power density He-Ne laser emitting at k ¼ 633 nm, whose spot on the sample has the dimensions of the warmest point monitored by the thermo-camera and probes the birefringence variations of the cell in that area through transmission variations. Fig. 5(a) shows the time behavior of the probe intensity transmitted in percentage with respect to the maximum transmitted by the sample, acted on by a step-like pump beam at the maximum intensity (I ¼ 6.30 W/cm 2 ) in three different cases: (i) the sample is a substrate with GNPs surrounded by air: by photo-exciting the LSPR no variation in the transmitted intensity can be detected (red curve); (ii) the sample is the uniform planar cell: when the pump beam impinges on the sample, a decrease of the transmitted intensity occurs, which is due to a reduction in the birefringence of the NLC induced by the heat, with characteristic times s off-on (p) ¼ 5.56 s, s on-off (p) ¼ 5.80 s; (iii) the sample is the twisted cell: we observe a noticeable suppression of the transmitted intensity, which is due to a noticeable reduction in the birefringence of the NLC, with characteristic times s off-on (t) ¼ 3.75 s, s on-off (t) ¼ 5.23 s.
It is worth noting that a control experiment, performed on a cell of NLC þ PAL but without GNPs layer, shows that no variations in the transmitted probe intensity are detected, neither when the sample is acted on by the highest intensity of the pump beam. To summarize, we have demonstrated that it is possible to realize photo-induced variations in the heat generated by a layer of plasmonic GNPs, randomly distributed on a glass substrate and surrounded by thermosensitive NLC. By exploiting a PAL layer, a molecular director reorientation in the NLC occurs, which induces a variation of its refractive index; in turn, this yields a change in the plasmonic band, thus resulting in a controlled variation of the heat generation. The reversibility of the optical alignment of the NLC molecular director enables an active control of the plasmonic photo-induced heat, with a characteristic time that is of the order of seconds. In the light of nanoscale heat transfer, our methodology can be employed for tuning the temperature at the nanoscale by continuously varying the refractive index of the surrounding medium. In fact, this can be used in many applications ranging from electronics to medicine where the need to precisely control the temperature under optical illumination is a fundamental requirement.
FIG. 5. Transmitted intensity versus time in the pump-probe experiment for the same intensity (I ¼ 6.30 W/cm 2 ) of the pump beam in the case of GNPs substrate (red curve) and for two different alignments of the NLC director: uniformplanar cell (blue curve) and twisted cell (green curve) (a). Temperature dependence of ordinary (dn o /dT) and opposite extraordinary (Àdn e /dT) refractive indices for E7 calculated at k ¼ 589 nm (b). Sketch of the pump-probe setup for birefringence measurement. P: polarizer; A: analyzer; S: shutter; PD: photo-detector (inset (c)).
